Abstract. The use of titanium based alloys in aerospace and biomedical applications make them an attractive choice for research in micro-machining. In this research, low speed micro-milling is used to analyze machinability of Ti-6Al-4V alloy as low speed machining setup is not expensive and it can be carried out on conventional machine tools already available at most machining setups. Parameters like feed per tooth, cutting speed and depth of cut are selected as machining variables and their effect on burr formation is analyzed through statistical technique analysis of variance to determine key process variables. Results show that feed per tooth is the most dominant factor in burr formation (81 % contribution ratio). The effect of depth of cut was found to be negligible. It was also observed that micro-milling at optimum process parameters showed minimum burr formation. In terms of burr formation, as compared to high speed machining setup, better results were achieved at low speed machining setup by varying machining parameters.
. Schematic of macro and micro-milling process (adapted from Schaller et al., 1999). milling than that of macro-milling Özel, 2012, 2013) . Micro-milling becomes much more difficult when hard to cut materials are used for manufacturing such as Ti-6Al-4V titanium alloy (Thepsonthi and Özel, 2013) . Ti6Al-4V is known by the name "workhorse" of the titanium industry as it accounts for more than 45 % of actual titanium usage (Jaffery et al., 2016) . It is widely used in biomedical (medical implants) (Thepsonthi and Özel, 2012) , aerospace (turbine blades, aerospace fasteners) (Thepsonthi and Özel, 2012) and automotive (connecting rods, engine and exhaust valves) (Wagner and Schauerte, 2007) and marine industry (Ezugwu and Wang, 1997) due to its high strength to weight ratio (Bajpai et al., 2013; Ezugwu and Wang, 1997; Jaffery et al., 2016; Kim et al., 2014; Mhamdi et al., 2012; Thepsonthi and Özel, 2012) , property to withstand high temperature (Ezugwu and Wang, 1997; Mhamdi et al., 2012) , biocompatibility (Jaffery et al., 2016; Kim et al., 2014; Thepsonthi and Özel, 2012) and corrosion resistance (Ezugwu and Wang, 1997; Kim et al., 2014; Mhamdi et al., 2012; Thepsonthi and Özel, 2012) . On the other side there are properties which make it difficult to cut material such as low thermal conductivity (Ezugwu and Wang, 1997; Kim et al., 2014; Mhamdi et al., 2012; Thepsonthi and Özel, 2012) , high chemical reactivity (Ezugwu and Wang, 1997; Mhamdi et al., 2012) and low elastic modulus (Ezugwu and Wang, 1997) . Syed Husain Imran Jaffery observed that tool wear increases during the machining of Ti-6Al-4V alloy due to high chemical reactivity of titanium with cutting tool material and low thermal conductivity which leads to tool fracture as most of the heat generated goes into the cutting tool (Jaffery and Mativenga, 2009 ).
Micro-milling seems to be a scale down machining operation of macro-milling but there are differences between these processes. In micro-milling, diameter of cutting tool (D) used is less than 1 mm while in macro-milling it is greater than 1 mm (Ali et al., 2012; Ducobu et al., 2009; Jaffery et al., 2016; Mian et al., 2010; Özel et al., 2011) . In micro-milling, tool breaks quickly while in macro-milling tool wears gradually. Fracture of micro tools occur as stresses go beyond the strength of tools due to increase in cutting forces with the dulling of cutting edges (Tansel et al., 1998 (Tansel et al., , 2000 .
In macro-milling feed per tooth (f z ) is many times larger than cutting tool edge radius (r e ) and in micro-milling feed per tooth is close to cutting tool edge radius (see Fig. 1 ) (Chae et al., 2006) . Aamer Jalil Mian estimated minimum chip thickness (t m ) in different materials by analyzing acoustic emission (AE) signals and found that for Ti-6Al-4V alloy, the value of minimum chip thickness ranges between 19 and 27.5 % of cutting tool edge radius (Mian et al., 2011a) . Another researcher reported that the value of minimum chip thickness is between 5 and 38 % of cutting tool edge radius (Ducobu et al., 2009) . Mohammad Yeakub Ali suggested that depth of cut is the most critical parameter to find out minimum chip thickness and to avoid tool fracture (Ali et al., 2012) . Figure 2 shows there are four situations that take place during the process of micro-milling. When depth of cut (a p ) is smaller than cutting tool edge radius or minimum chip thickness either rubbing or burnishing occurs and no chip is formed (see Fig. 2a and b) (Jaffery et al., 2016) . If the value of depth of cut reaches close to cutting tool edge radius or minimum chip thickness but still less than the edge radius of the cutting tool, ploughing starts. Ploughing is a phenomenon in which cutting takes place with negative effective rake angle or workpiece slightly deforms due to shearing of material (see Fig. 2c ) (Ducobu et al., 2009; Jaffery et al., 2016) . Once depth of cut becomes greater than the cutting tool edge radius then there is change of rake angle from negative to positive and actual cutting occurs (see Fig. 2d ) (Jaffery et al., 2016) .
Mechanical machining is always accompanied by burr formation either it is macro-machining or micro-machining. Deburring in macro-machining is easy as compared to micromachining. In micro components, deburring may destroy delicate micro features as well as it can damage the workpiece. Moreover, cost of deburring process is very high as it requires complex assembly operation (Kim et al., 2014; Mian et al., 2010) . Therefore, it is undesirable to use deburring process to remove burr and the recommended approach would be to select the appropriate machining parameters and tool geometry to reduce burr formation (Thepsonthi and Özel, 2012) .
Syed H Imran Jaffery statistically analyzed the effect of feed rate (below and above cutting tool edge radius), cutting speed and depth of cut on burr formation in micro-machining of Ti-6Al-4V and found that feed rate was the most contributing factor causing burr formation and residual effects were more significant when feed rate was selected below edge radius (Jaffery et al., 2016) . Tuǧrul Özel investigated the effect of cBN coated tools on burr formation and surface roughness in micro-milling of Ti-6Al-4V by varying process parameters and found that increasing feed rate reduced burr formation and cBN coated tools showed less burr formation than uncoated tools (Özel et al., 2011) . Vivek Bajpai performed micro-milling experiments on Ti-6Al-4V alloy and observed that size of side exit burr was larger among all other burr types. It was also found that increase in chip load, cutting speed and depth of cut results in better surface finish (Bajpai et al., 2013) . Aamer J. Mian conducted micro-milling experiments on AISI 1005 steel and AISI 1045 steel and determined that best surface finish was achieved when feed rate was just close to cutting tool edge radius (Mian et al., 2010) . Gandjar Kiswanto studied the effect of machining parameters on surface roughness and burr formation in the micro-milling of Aluminum alloy 1100 and found that surface roughness increased by increasing feed rate and also concluded that in order to reduce the burr formation up milling cutting strategy should be used as down milling cutting strategy produces bigger and wavier burrs (Kiswanto et al., 2015) . Kiha Lee investigated burr formation in micro-milling of aluminum and copper and found that for micro-milling tool, exit and entrance burr was bigger in size than macro milling, considering burr size to chip load ratio (Lee and Dornfeld, 2002) . Kiha Lee also explained that tool wear relates with burr height and it is proportional to feed rate. Size effect also plays an important role in burr formation and with the increase in edge radius of the cutting tool larger burrs are produced (Lee and Dornfeld, 2005) . Aamer Jalil Mian conducted micromilling experiment on NiTi alloy and found that feed rate to undeformed minimum chip thickness is the most critical factor in reducing burr root thickness. At high values of chip load, cutting starts earlier as compared to low undeformed chip thickness, as a consequence of this, ploughing effect becomes less pronounced (Mian et al., 2011b) . Ravi Lekkala analyzed the burr formation in micro end milling of Aluminum and Steel using experimental and theoretical techniques and reported that either in down milling or up milling, burr height increases with the decrease in number of flutes and cutting tool diameter and burrs formed in the case of stainless steel were larger than aluminum (Lekkala et al., 2011) . Sinan Filiz investigated micro-machinability of copper 101 and found that feed rate is directly proportional to surface roughness and inversely proportional to burr formation and cutting speed is directly proportional to burr formation and at higher feed rates the process is dominated by shearing which results in decrease in burr formation as compared to ploughing (Filiz et al., 2007) . Fengzhou Fang suggested that after defining cutting and other machine parameters; tool sharpness and undeformed chip thickness are the most critical factors to determine burr height (Fang and Liu, 2004) .
The review of literature shows that burr formation in micro-machining of different materials has been studied extensively and most of the research done on micro-milling of Ti-6Al-4V alloy is in the region of high speed machining (10 000-90 0000 rpm) (Bajpai et al., 2013; Chen et al., 2012; Jaffery et al., 2016; Jaffery and Mativenga, 2009; Kim et al., 2014; Özel et al., 2011; Özel, 2012, 2013) . However, no research has been reported on micro-milling of Ti-6Al-4V alloy below 10 000 rpm. The reason for this is that high speed machining setup provides better surface finish, high material removal rate and reduced cutting forces (Bajpai et al., 2013; Jaffery et al., 2016; Jaffery and Mativenga, 2009; Özel, 2012, 2013) . On the other hand, low speed machining setup is not expensive and can be carried out on conventional machine tools already available at most machining setups. Moreover, researchers have reported that in high speed micro-milling of Ti-6Al-4V, burr formation is more effected by change in feed per tooth rather than cutting speed (Jaffery et al., 2016; Özel et al., 2011; Özel, 2012, 2013) . Therefore, using carbide tools for micromilling of Ti-6Al-4V, this study aims to find out effect of critical machining parameters namely, feed rate, depth of cut and low/conventional cutting speed below 10 000 rpm (Bajpai et al., 2013) on burr formation and use statistical technique to find out best combination of key process variables (KPVs) to minimize burr formation. 
Workpiece material
The material selected for experimentation is Ti-6Al-4V alloy.
It is an alpha-beta (α + β) titanium alloy. This alloy comprises both alpha and beta phases with alpha phase ranges between 60 to 90 % and beta phase 10 to 40 % at room temperature. Alpha phase consists of hexagonal closed packing (HCP) structure that remains stable from room temperature while beta phase is characterized by body centered cubic structure (BCP) which keeps it stable from room temperature to melting point. There are stabilizer elements adding them would increase the transformation temperature of alpha and beta phase and therefore the stability of respective phase (Mhamdi et al., 2012) . For example, adding aluminum, carbon, oxygen and nitrogen would increase the stability of alpha phase on the other side adding vanadium, molybdenum, manganese, chromium and iron would increase stability of beta phase (Banerjee and Williams, 2013; Machado and Wallbank, 1990; Zhecheva et al., 2005) . The chemical composition, mechanical properties and physical properties are given in the Tables 1, 2 and 3 respectively.
Experimental setup
The tests were conducted using a FANUC MV-1060 conventional speed machining center. Figure 3 shows experimental setup. Relative motion between micro end-milling tool and workpiece was controlled by FANUC 0i-MC motion controller. The tools used during micro-milling experiments of Ti-6Al-4V were ultrafine tungsten carbide tools (North Carbide Tools). The average edge radius of micro tools was found to be 4.0 µm with standard deviation of 0.5 µm. The dimensions of the block that was mounted on fixture were 10×20×10 mm. Three independent runs for each experiment were run to estimate error variance. Experimental conditions are outlined in Table 4 .
Design of experiment
Micro-milling experiments were designed based on Taguchi's Design of Experiments. The array selected was L9 orthogonal array with three factors and three levels. Three independent factors of feed per tooth, cutting speed and axial depth of cut were considered. Syed H. Imran Jaffery in his research found that residual effects were more significant when feed per tooth was selected below tool edge radius (Jaffery et al., 2016) . Therefore, to minimize the effect of residual effects feed rate was selected above tool edge radius between 8 and 12 µm tooth −1 . In literature, reported cutting speed varies between 16 m min −1 (10 000 rpm) and 141 m min −1 (90 000 rpm) (Bajpai et al., 2013; Chen et al., 2012; Jaffery et al., 2016; Jaffery and Mativenga, 2009; Kim et al., 2014; Özel et al., 2011; Özel, 2012, 2013) . While this research focuses on machining below the reported minimum cutting speed or in the range of conventional cutting speed below 10 000 rpm. Therefore, cutting speed was selected between 5 m min −1 (3183 rpm) and 10 m min −1 (6366 rpm). For every tool, according to its diameter, there is recommended value of ap to be used. According to Niagara Cutter (Cutter, 2018 Therefore, in this research depth of cut was selected between 25-125 µm. Process parameters and level details are given in Table 5 .
The spindle revolutions per minute (N) and feed speed (V f ) can be determined using the Eqs. (2) and (3) respectively. Table 3 . Physical properties of Ti-6Al-4V.
Density Melting Point Thermal Conductivity Specific Heat Capacity Co-eff of Thermal Expansion
4.43 1674 6.7 0.5263 9.7 Corresponding values of revolutions per minute and feed speed are listed in Table 6 .
Results and discussion
In micro-milling different types of burrs such as top burr, exit burr, entrance burr and bottom burr are formed depending on direction of cutting and tool-workpiece interaction (Aurich et al., 2009; Kiswanto et al., 2015) . Exit burr and side burr is the burr which remains attach to the surface machined by minor cutting edge of the tool and major cutting edge of the tool respectively (Aurich et al., 2009 ). Top burr is the burr which remains attach to the top surface of workpiece (Aurich et al., 2009) . During micro-milling process, chips generated move upward along the rake face of the cutting tool and the material that is in contact with the chips and workpiece pulls apart under large tensile stress. A part of this deformed material remains attach to the top surface and not taken away with the chips as a result of this top burrs are initiated (Chen et al., 2012) . Figure 4 illustrates how top burr width is measured and it can be described as horizontal length of burr from groove wall (Thepsonthi and Özel, 2012) . Table 6 shows results in the form of Taguchi orthogonal L9 array. Figure 5 shows burr formation on down milling and up milling side during micro-milling and it can be seen that size of burr is larger at down milling side. This is due to the fact that velocity of localized cutting edges on the side of up milling side would always be greater than on the side of down milling, therefore causing larger burrs to form on down milling side as also observed by Syed H Imran Jaffery (Jaffery et al., 2016) . To account for worst case scenario down milling side burrs were taken into consideration. Maximum value of top burr width was measured for each run and to measure that scanning electron microscope (SEM) was utilized.
Application of ANOVA
After obtaining results of top burr width using SEM, ANOVA was used for statistical analysis of results. ANOVA is a statistical technique used to assess the significance of process parameters on output responses. This was performed by computing the sequential sum of squares (SS A ) for each parameter using the Eq. (4). 
Where A is the process parameter, n is the total number of runs at a particular level, i is the level, T is value of response at each run, j is the number of run, N is the total number of runs. Total sum of squares (SS T ) can be found using Eq. (5).
Sequential sum of squares of error (SS e ) can be found using Eq. (6).
A small value of F -test ratio for a given parameter shows its low impact on the outcome and vice versa. A p-value is the probability that a test would fail. A p-value less than 0.05 (5 %) tells that there are 5 % chances that test would fail or 95 % chances that test would succeed. The percentage contribution of each parameter can be computed using Eq. (7). (Ross, 1998) 
Figure 6. Main effects plots for top burr width with respect to machining parameters (feed, speed and depth of cut).
Burr formation analysis
ANOVA was carried out to measure impact of parameters on burr width. From Table 7 it can be observed that feed per tooth is the most significant parameter contributing 81 % causing top burr formation and cutting speed is another parameter that is significant with contribution ratio of 6 % which shows that it has almost 93 % less impact on top burr as compared to feed per tooth. Each point in the main effects plot (see Fig. 6 ) shows mean or average top burr width for a particular level of feed rate, cutting speed and depth of cut. The CRs are comparable with a previous research in which similar analysis was conducted on Ti-6Al-4V alloy at high speed machining setup (Jaffery et al., 2016) . From Fig. 6 , it can be seen that top burr width decreases with the increase in feed per tooth. Researchers have reported similar outcomes from high speed micro-milling of Ti-6Al-4V alloy and found inverse relationship between feed rate and burr formation and concluded that feed per tooth is the most significant parameter influencing top burr formation (Jaffery et al., 2016; Kim et al., 2014; Thepsonthi and Özel, 2013) . It is due to the fact that at lower feed per tooth, ploughing effect is more pronounced and material deforms plastically to form larger burrs (Kim et al., 2014) . The ratio of feed rate to cutting tool edge radius (f z /r e ) is also important in determining process performance whereby decrease in the value of feed per tooth below the cutting tool edge radius or grain size of the workpiece material would affect the material flow, chip formation and material deformation (Mian et al., 2011c) . Taking cutting tool edge radius into consideration, Fig. 7a and b show the main effect plot created between f z /r e ratio and top burr width using data from experiments and Syed H. Imran Jaffery (Jaffery et al., 2016) respectively. By looking at burr formation trend in Fig. 7b it can be observed that when the value of feed per tooth is close to the value of edge radius or three times the value of edge radius, burr formation shows a downward trend. Burr generation increases when f z /r e is larger than 3 because below edge radius rubbing phenomenon is dominant and actual cutting takes place after the passage of several passes when the actual undeformed chip thickness crosses the threshold value for cutting to take place. When f z /r e is greater than 3, the ploughing action gives way to cutting leading to an increase in burr size. Ploughing action is expected to continue for value of f z /r e greater than 1 due to the formation of builtup edge and increase in the effective edge radius during the cutting process.
Comparing Fig. 7a and b, the region of f z /r e (2.0 to 3.0) from Fig. 7a lies within the region of Fig. 7b (0.9 to 3.0) and trend of burr formation with respect to feed rate is in conformance with the research conducted by Syed H. Imran Jaffery (Jaffery et al., 2016) . Moreover, it can also be concluded that to reduce burr formation in micro-milling of Ti-6Al-4V, feed per tooth should be in the range of one to three times of cutting tool edge radius either it is high speed machining or low speed machining. Main effects plots (see Fig. 6 ) for cutting speed and depth of cut also show a downward trend which means increase in cutting speed and depth of cut reduces the burr width. These result are comparable with the findings of research where similar analysis and experiments were performed on Ti-6Al-4V opting high speed machining (Bajpai et al., 2013; Jaffery et al., 2016; Kim et al., 2014; Thepsonthi and Özel, 2013) . Increase in cutting speed is accompanied by decrease in cutting force (Jaffery and Mativenga, 2009; Pathak et al., 2013) and as cutting speed decreases contact time of tool with the chip is reduced.as a result less heat is transferred into the chip and more heat is transferred into the tool tip (Rosemar et al., 2013) . Temperature in the shear zone is expected to rise at higher cutting speeds but the friction between the tool rake face and chip is reduced thereby reducing the welding phenomenon between chip and workpiece and heat generation at the tool chip interface (Prasad, 2009 ) as a result reduction in burr formation takes place. While it is also pos- sible to minimize burr width by further increasing V c (see Fig. 8 ) but this research aims to carry out micro-machining below 10 000 rpm using conventional machining setups that are more easily available and inexpensive as compared with high speed machining setup. In terms of depth of cut, at high depth of cut surface temperature decreases and most of the heat generated goes into the chips. To absorb more heat larger chips are produced which ultimately results into less burr formation (Prasad, 2009 ).
Confirmation test
From main effects plot it can be seen that setting feed per tooth, cutting speed and depth of cut at high levels yielded minimum top burr width. So, a validation test was carried out for burr width selecting optimal levels of parameters. A summary of machining parameters and experimental results corresponding with best and worst operating conditions is given in the Table 8 .
It is evident from presented results that optimum conditions yield best results as compared to the initial results reported in Table 6 . Figure 9 shows negligible burr at optimum conditions and Fig. 10 shows maximum burr.
Conclusions
Identifying KPVs is very important to enhance product quality and at the same time productivity which ultimately leads to less manufacturing costs. The impact of machining parameters in micro-milling is not as same as in macro-machining. This is due to fact that feed rate is almost of the same order as edge radius of the cutting tool. In this paper, KPVs (feed per tooth, cutting speed and depth of cut) were varied to study their impact on burr formation in detail. ANOVA technique was applied on measured outputs to investigate the main effect of machining parameters on burr formation.
1. Machining at optimum conditions gave best outcome in the form of minimum burr on the edges of slot.
2. It is clearly evident that reduction in burr formation in micro-milling of Ti-6Al-4V can be effectively achieved by using low speed machining setup at optimal conditions instead opting for expensive high speed machining setup.
3. At 95 % confidence level, feed rate was found to be the most significant factor contributing towards burr formation with contribution ratio of 81 %.
4. Reduction in burr formation can be achieved by selecting feed per tooth in the range of 1-3 times of edge radius either it is low speed or high speed machining setup.
5. Cutting speed is another control factor affecting burr formation during micro-milling process and its contribution was found to be 6 % which is 75 % less than feed rate contribution. 6. The impact of depth of cut was negligible (1 % contribution ratio).
7. The contribution of residual effects was found to be 12 %. This is due to many noise factors i.e. subsurface plastic deformation, tool vibrations, chatter, material separation and strain hardening.
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